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Abstract: Several theoretical models inspired by the idea of supersymmetry (SUSY) accommodate
the possibility of Heavy Stable Charged Particles (HSCPs). The Phase II upgrade of the CMS-RPC
systemwill allow the trigger and identification of this kind of particles exploiting the Time-of-Flight
Technique with the improved time resolution that a new Data Acquisition System (DAQ) system
will provide (∼ 2 ns). Moreover, new Resistive Plate Chambers (RPC) detector chambers will be
installed to extend the acceptance coverage up to |η | < 2.4 with similar time resolution and better
spatial resolution.
We present a trigger strategy to detect HSCPs with the RPC detectors. Its performance is
studied with Monte Carlo simulations and the expected results with the High Luminosity Large
Hadron Collider (HL-LHC) data are shown.
Keywords: Gaseous detectors; Resistive-plate chambers
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1 Introduction
In 2026 the current Large Hadron Collider (LHC) will turn into the High Luminosity LHC (HL-
LHC) due to the increase of about ten times the luminosity and energy at the center of mass for p-p
collisions will be increased to 14 TeV. This is with the purpose of continued studying and testing
of the Standard Model (SM) but especially to explore different scenarios of physics Beyond the
Standard Model (BSM), including supersymmetry (SUSY) and heavy gauge bosons.
To fully exploit what the new capabilities HL-LHC will provide, an upgrade will take place in
2023, the Link System of the complete Resistive Plate Chambers (RPC) detector will be improved
with the addition of more robust and up-to-date components. This improvement in the electronics
will enable the Link System to attain the time intrinsic resolution of the RPC detector of the order of
1 ns. In addition, new detectors will be installed, the so-called improvedRPC (iRPC) that will extend
the reach of the RPC detector and will have even better intrinsic resolution than the present system.
The improvement in the time resolution will be beneficial to achieve the requirements on trigger
imposed by the increase in the luminosity. It will also allow the creation of a new trigger for the
identification of slowly moving particles by measuring their Time-of-Flight on all the RPC stations
with good precision. The speed of muon-like particles and the time (bunch crossing) of their origin
will be computed with a fast algorithm to be implemented in the Phase II Level 1 trigger.
There are several theoretical models, which predict newmassive particles stable enough to pass
through the whole detector in the collider experiments. Supersymmetry is one of the theoretical
models which can explain the existence of the dark matter and problems in the Standard Model
(SM) by introducing a new symmetry called R-parity. Partners of the existing particles in the SM
are expected from the model including the Lightest Supersymmetric Particle (LSP), which must
be stable. The Universal Extra Dimension (UED) model also predicts similar type of particles.
There are other theoretical scenarios with parity-like symmetries, magnetic monopoles [2]. Some
of them are expected to be non-neutral such that they have electromagnetic or strong interactions
with the detectors along their trajectory with small velocity. One of the simplest scenarios is pair-
produced supersymmetric τ leptons (τ˜), which only interacts via the electromagnetic interaction.
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A slowly-moving muon-like track can be reconstructed as a result of propagation of this type of
HSCP. For particles with β = v/c < 0.6, the Time-of-Flight at the muon detectors would be more
than 25 ns and the information can be ignored in the standard trigger algorithms by assigning them
to a different bunch crossing. In this study, we consider the τ˜ pair from the proton-proton collisions
as a benchmark point.
Standardmuon trigger algorithmsmay not be optimal for the HSCP searches in this perspective,
therefore a new trigger algorithm has to be developed.
2 RPC detector Phase II upgrade
The CMS detector is formed of different subdetectors and a superconductor solenoid of 3.8 T. A
schematic visualization of its quadrants is presented in figure 1. The pixel detector is found in the
innermost part next to the beam pipe, followed by the Silicon Tracking detector, the electromagnetic
and hadronic calorimeters and surrounded by the solenoid. The muon system is situated in the
outermost part the detector and is formed by three sub-detectors that work based on different
technologies. These detectors are the Cathode Strip Chambers (CSC), the Drift Tubes (DT) and
RPC detectors. A detailed description of the detector can be found in [1].
0 2 4 6 8 10 12 z (m)
R
 (m
)
1
0
2
3
4
5
6
7
8
1 3 5 7 9 11
5.0
4.0
3.0
2.5
2.4
2.3
2.2
2.1
2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.00.9 1.10.80.70.60.50.40.30.20.1
40.4°44.3° 36.8°48.4°52.8°57.5°62.5°67.7°73.1°78.6°84.3°
0.77°
2.1°
5.7°
9.4°
10.4°
11.5°
12.6°
14.0°
15.4°
17.0°
18.8°
20.7°
22.8°
25.2°
27.7°
30.5°
33.5°
θ°
η
θ°η
M
E4
/1
M
E3
/1
M
E2
/1
M
E1
/2
M
E1
/1
M
E2
/2
M
E3
/2
M
E1
/3
R
E3
/3
R
E1
/3
R
E1
/2
MB1
MB2
MB3
MB4
Wheel 0 Wheel 1
RB1
RB2
RB3
RB4
HCAL
ECAL
Solenoid magnet
Silicon 
tracker
Steel
R
E2
/2
Wheel 2
R
E2
/3
R
E3
/2
M
E4
/2
R
E4
/3
R
E4
/2
G
E1
/1 G
E2
/1
R
E3
/1
R
E4
/1
CSCs
RPCs
GEMs
DTs
iRPCs
Figure 1. The RPC detector is represented together with the other sub-detector of CMS. The present RPC
system is represented in blue, whereas the iRPC is represented in purple. RB and RE denote RPC Barrel and
RPC Endcap respectively.
In the present work we are only concerned about the RPC detector. Currently it covers a pseu-
dorapidity (η) up to 1.9 and possesses an intrinsic time resolution of the order of 1.5 ns, as shown in
figure 2, but the Link System records the RPC hits information in steps of one Bunch Crossing BX
(25 ns), thus losing the full timing resolution of the detector apart from the mere bunch-crossing
identification.
– 2 –
2019 JINST 14 C11011
Figure 2. Diagram of bunch crossing assignment performed by the RPC detector, with the current conditions.
The Link System of the RPC connects the detector and the trigger processors. It records bunch
crossing (BX) with very high precision, with help of the good intrinsic time resolution of the RPC
detectors as in the figure 2. Full timing resolution can be recovered with the new Link Boards which
will be based on a faster FPGAs.
The RE3/1 and RE4/1 are detectors that were included in the original design, but not installed
due to financial reasons. They will be added as part of the upgrade. Their implementation
will improve stand-alone (using only the RPC detector) measurements and help to decrease the
background rates. These new detectors will make two measurements (each at every end of the
strips) thus improving the spatial and time resolutions. In particular, they will improve the time
resolution precision by more than two times with respect to using CSC alone.
3 Time-of-flight technique
We developed a new trigger algorithm to detect HSCP using the Time-of-Flight (ToF) of the HSCP
at the RPC detectors. In the algorithm we propose, we measure the speed of the particle by using
the timing and position information of the RPC hits within a cone ∆R =
√
∆η2 + ∆φ2 < 0.3 around
the generated particle as shown in the figure 4. We perform a linear fit on the ToF and the distance
from the origin, r . Let us note first that the detector does not register the speed of a particle, it
measures instead its relative speed with respect to a particle moving at light speed. For this reason,
muons are expected to be measured at around zero as it can be seen in figure 3, and because of
experimental error they could also have negative speed. The distribution of HSCPs is expected to
be displaced, with respect to distribution for a muon, slightly to the right due to difference of speed.
This property is exploited with the new algorithm to distinguish the HSCPs from the muons.
In order to perform measurement of β and t0 we first have to do the matching of the RPC hits
with the generated particles.
A schematic view of how the muons and HSCP would be seen by the detector can be found in
figure 5. The vertical axis represents the timemeasured by the RPC detector in each of the chambers
the particle travels through. On the other hand, the horizontal axis is the distance from the collision
point to the position where the particle is detected measured by RPC detector. The diagram shows
three successive bunch crossings, two of which contain muons represented as horizontal lines. The
diagram also shows the RPC time measurements from two HSCPs having slopes different from zero
due to their speed significantly slower than light.
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HSCPs can have hits spanning two or more BXs. The time delay ∆t is related to the speed v
of a particle, starting from the simple equation:
vlayer =
d
ToFt
(3.1)
where vlayer, d and ToF are the mean speed, the distance and the Time-of-Flight from the interaction
point to the detection point, respectively. After some algebra we have found that β and t0 are related
by the following expression containing the speed of the particle:
tdelay = t0 +
d
c
(β−1 − 1), (3.2)
where tdelay is the time detected, t0 is the time expected for a particle at the Bunch Crossing 0, c is
the speed of light and β is the speed of the particle. A penetrating charged particle leaves a trail of
hits in RPC chambers along its trajectory. The Time-of-Flight can be computed in each RPC station
with respect to a number of BX hypotheses. From this we can distinguish 4 specific scenarios:
• Muon on time. It will be seen as a horizontal line with intersection on BX = 0
• Muon out of time. It will be seen as a horizontal line with intersection on BX , 0
• HSCP on time. It will be seen as a diagonal line with intersection on BX = 0
• HSCP out of time. It will be seen as a diagonal line with intersection on BX , 0
Should there be a common velocity solution, derived from eq. (3.2), with β < 0.6, a trigger is
formed.
Ordinary muon triggers are capable to handle particles at β > 0.6 because delays are not too
large. We require the new trigger to find a common velocity solution for β < 0.6 to recover the
trigger efficiency.
The performance of this algorithm has been studied in CMS full simulation. All the detector
effects (electronics jitter, signal time propagation along strips) are taken into account. A particle
speed measurement resolution is shown in figure 6 for the case of 25 ns signal sampling time (Phase
I) and 1.56 ns sampling time provided with the upgraded RPC Link Board System.
The trigger algorithm is: at least 3 hits correlated in space, error in β < 30% (to assure good
quality of the fit) and slope > 0 (to exclude muons and identify slow moving particles)
4 Efficiency
The new trigger proposal will complement the present muon trigger whose efficiency sharply drops
for particles with β < 0.6. The efficiency of the RPC-HSCP algorithm as a function of β is studied
and compared with the standard L1 muon trigger. The results are shown in figure 7 The current
CMS-HSCP Phase I trigger performs well down to β ≈ 0.75.
The upgraded RPC Link Board System will allow us to trigger, at the correct BX, HSCPs with
velocities as low as β ∼ 0.25.
Possible improvements for this trigger proposal in the β measurement could be achieved by
matching the Tracker Track trigger to the HSCP muon trigger. The uncertainty coming from the
– 4 –
2019 JINST 14 C11011
propagation time along RPC strips can be reduced if the hit position is known along the local y
coordinate, or the global η. This correction is not needed for the iRPCs thanks to the two-end strip
readout for these new detectors.
We concentrate on the performance in terms of specific HSCP parameters in a model-
independent way rather than providing an interpretation in a dedicated model. Given the wide
range of new models, it is important to stay sensitive to a wide range of unusual signatures such as
very slowly moving particles.
Figure 8 shows that a special HSCP-targeting L1 muon trigger, fully exploiting the improved
timing of the upgraded RPC link system, can be efficient to HSCPs with velocities as low as β ∼ 0.2
for the full η region covered by the RPC detector, which would not be possible without the upgrade.
Figure 9 shows the achievable mass resolution for a supersymmetric τ˜ lepton of 1.6 TeV mass.
5 Conclusion
The resolution for the HSCP mass obtained for Phase II at the trigger level is comparable to that
realized in Run 2 studies based on offline time-of-flight information (using the DTs and CSCs).
The information provided by the RPC trigger can be used as an independent crosscheck of the
reconstructed mass.
The large gain in efficiency for very slowly moving particles in Phase II enabled by the upgrade
of the RPC trigger can be exploited in a model independent HSCP search.
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Figure 3. Simulated time distributions for muons and τ˜s after the detector upgrade. Simulated RPC hit
time distribution for muons from Z → µ+µ− events and for semi-stable τ˜’s with m ≈ 1600GeV, produced in
pp→ τ˜ ¯˜τ processes.
Figure 4. A cone (with ∆R < 0.3) is defined around the direction of the generated particle and only the RPC
hits inside it are selected.
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